INTRODUCTION
Rotaviruses were proposed as a separate virus group on the basis of their distinctive morphology (Flewett et al., 1974; Flewett & Woode, 1978) . Early serological studies with a range of techniques revealed that rotaviruses from birds and a wide variety of mammals possess a common group antigen which is associated with the inner of the two virion capsid layers (Woode et al., 1976; Flewett & Woode, 1978) . Recently, there have been reports of porcine and avian viruses which, although appearing as rotaviruses on morphological grounds, do not carry the group antigen (Bridger, 1980; Saifetal., 1980; McNultyetal., 1981) . Genome profile analysis of these atypical viruses showed them to possess the 11 discrete genome segments characteristic of rotaviruses, but their profiles are clearly distinct from that normally seen for rotaviruses (Bohl et al., 1982; Bridget et al., 1982) . However, since considerable genome profile variation has been observed amongst rotaviruses carrying the established group antigen (Rodger & Holmes, 1979; Clarke & McCrae, 1981a) , which previous studies in this laboratory have shown are not necessarily associated with gross structural variations in the segments concerned , then the true significance of the observed migrational variation remains obscure.
The segmented, monocistronic nature of the viral genome (Smith et al., 1980; McCrae & McCorquodale, 1982) suggests that the observed antigenic differences between the typical and atypical rotaviruses could reflect one of two possible levels of genome variation. On the one hand, they could represent isolates showing gross differences only in the RNA segment(s) coding for the group antigen. Alternatively, they may indicate more widespread differences on the scale seen in cross-comparison of influenza A, B and C viruses (Ritchey et al., 1976 1981 b) to show that, in all typical rotaviruses studied to date, each genome segment has a region of 30 to 40 nucleotides at each terminus whose fingerprint is uniquely conserved for that segment (Clarke & McCrae, 1983) . The production of terminal fingerprints for the genome segments from these atypical viruses should therefore allow a distinction to be made between the alternative levels of divergence outlined above. The purpose of the present study was to compare a typical rotavirus (A/OSU) with British (B/NIRD-1) and American (C/Cowden and C/S) atypical isolates. The aim of the comparison was to establish whether each virus carried a different group antigen and to ascertain the level of divergence in their genomes.
METHODS

Virus isolates and their propagation.
The OSU strain of porcine rotavirus, obtained from Professor E. H. Bohl after 50 passages mainly in Mal04 cells, was used as the virus with the original group antigen (A/OSU). It was purified from infected monolayers of Mal04 cells using the method previously described for bovine rotavirus (McCrae & Faulkner-Valle, 1981 ) with a typical yield of approximately 200 ~g purified virus per 80 oz bottle of infected cells. Several isolates of atypical rotaviruses were studied. The N I RD-1 strain wa s originally isolated from the faeces of a diarrhoeic piglet in the United Kingdom (Bridger, 1980) and was propagated for these studies in gnotobiotic piglets: The two American atypical isolates [Cowden and S strain (Bohl etal., 1982) ] were kindly supplied by Professor Bohl in the form of intestinal washings from an infected gnotobiotic piglet. They were also propagated in gnotobiotic piglets.
Antisera. Antisei'a were raised in gnotobiotic piglets. Antibody to the original rotavirus group antigen (RV-A antiserum) was produced by oral infection with porcine rotavirus A/SW20/21 (Woode et al., 1976) followed by three subcutaneous injections of a mixture of virus and Freund's complete adjuvant. Convalescent antisera to the NIRD-1 and Cowden rotaviruses were obtained 28 days after oral infection of gnotobiotic piglets with these viruses. Two porcine serum pools were used : one was obtained from adult pigs at the Compton slaughterhouse in 1974 and the second from breeding sows in Cornwall in 1978. These serum pools were used at 1:10 dilutions in testing. Convalescent antiserum to an atypical rotavirus isolated in Belgium was kindly provided by Professor M. Pensaert and Dr P. Debouck.
Immunofluoreseence studies. The indirect technique was used with rabbit anti-swine immunoglobulin conjugated with fluorescein isothiocyanate (Nordic Immunological Laboratories, Maidenhead, U.K.). The A/OSU rotavirus antigen was Mal04 cells infected 18 h previously with OSU porcine rotavirus and fixed with 80% acetone. B/NIRD-1 and C/Cowden antigens were sections of small intestine tissue taken from piglets orally infected 18 h previously. Segments of tissue were fast-frozen in liquid nitrogen, sectioned and fixed in acetone before staining. A range of serum dilutions was allowed to react with the antigen under test for 1 h at room temperature. The titre of the serum was taken as the highest dilution that produced fluorescing cells.
Preparation and fraetionation of radioactively labelled double-stranded RNA (dsRNA).
Genomic dsRNA was extracted from purified OSU and labelled at its 3' termini as previously described (McCrae, 1981) . In the case of B/NIRD-1, C/Cowden and C/S isolates, viral dsRNA was extracted from infected faeces and 3' terminally labelled with cytidine 3',5'[5"-32p]bisphosphate using T4 RNA ligase as described previously (Clarke & McCrae, 1981a, b) .
Analytical scale fractionation of the genomic dsRNA was performed on 7-5~ polyacrylamide gels using the Laemmli discontinuous buffer system (Clarke & McCrae, 1981a; McCrae & McCorquodale, 1982) . Electrophoresis on 20 x 20 cm gels was carried out at 20 mA for 16 h. Gels were dried and the RNA profiles visualized by autoradiography using Kodak X-Omat H film.
For preparative fractionation of individual genome species, increased resolution was gained by using 40 cmlong 6~ polyacrylamide gets. Electrophoresis was at 35 mA for 24 h. Individual RNA segments were visualized by autoradiography of the wet gel, excised with a scalpel and the RNA electro-eluted from the gel as previously described (Clarke & McCrae, 1981b; McCrae & McCorquodale, 1982) .
One-dimensional terminalfingerprinting of isolated RNA species. Partial nuclease digestion of the dsRNA with ribonuclease T1 was carried out essentially as previously described (Clarke & McCrae, 1981b) . The only significant modification adopted was a reduction in the concentration of T~ nuclease used to 5 x 10 -5 units/p.g. Partial alkaline hydrolysis for 'ladder' formation was achieved by incubating RNA in 50 raM-bicarbonate buffer pH 9.0 at 90 °C for 3 min. DNA fragment size markers were produced by digestion of the plasmid pBR322 with the restriction enzyme HpaII followed by radioactive labelling of the fragments with [c~-32p]dCTP using the Klenow fragment of DNA polymerase I.
Digestion products were fractionated on thin 209/00 polyacrylamide gels as previously described (Clarke & McCrae, 1981b . 
Antiserum
A/OSU B/NIRD-1 C/Cowden A/SW20/21 2.5 x 103* <20 <40 B/NIRD-1 <10 2 × 103 <20 C/Cowden <10 < 10 2 x 10 3 * Antiserum titres were determined as described in Methods.
RESULTS
Antigenic studies
These were designed to establish whether each atypical isolate under study carried its own group antigen. Immunofluorescence studies using homologous convalescent sera on B/NIRD-1-infected gut sections showed that 18 h after exposure to virus fluorescence was clearly present in villus enterocytes (Fig. 1) . The fluorescence was present throughout the small intestine but was absent in sections stained with antisera to the A/OSU or C/Cowden isolates (Table 1) . Similar positive fluorescence was only obtained with homologous serum when gut sections infected with C/Cowden isolates were stained (Table 1) . With A/OSU virus, infected cell cultures were used as the antigen source. These gave positive fluorescence using antisera against a rotavirus known to contain the original group antigen but were negative with antisera to the B/NIRD-1 or C/Cowden isolates. The C/S isolate has previously been shown to carry the same group antigen as the C/Cowden virus (Bohl et al., 1982) .
Preliminary studies were performed to investigate the geographical distribution of these atypical viruses. Two porcine serum pools from the United Kingdom gave positive immunofluorescence with A/OSU, B/NIRD-1 and C/Cowden (data not shown), providing serological evidence that viruses related to both group B and C rotaviruses are circulating in the United Kingdom. Also, antiserum directed against an atypical rotavirus isolated in Belgium reacted with C/Cowden-infected gut sections, providing evidence for the presence of virus with this group antigen in continental Europe.
Genome analysis
Two types of comparative genome analysis were performed. Simple comparison of electrophoretic migration patterns showed that whilst each atypical isolate retained the 11 species of dsRNA typical of rotaviruses, distinct differences in profile were evident (Fig. 2a) . The major differences occurred in the RNA species 7 to 9 region which in the typical (group A) isolates migrates as a tight triplet (Rodger & Holmes, 1979; Clarke & McCrae, 1981 a) . In both the B/NIRD-1 and C/Cowden isolates, this triplet was replaced by a doublet, with the displaced species migrating in the RNA species 10 region for B/NIRD-1 and in the RNA species 6 region for C/Cowden (Fig. 2a) . Comparative analysis of two independent isolates from group C showed that the major migrational differences noted above were conserved, although some migrational variation of the type widely observed for group A isolates (Rodger & Holmes, 1979; Clarke & McCrae, 1981a) was evident (Fig. 2b) .
One-dimensional terminal fingerprinting was performed on individual RNA species from the various viruses in order to ascertain whether they held any genome species in common. This analysis was based on our previous observation that each R N A species from typical rotaviruses generates a terminal fingerprint pattern covering the first 40 nucleotides at each end of the R N A , which is conserved and hence diagnostic for that R N A , irrespective of electrophoretic mobility shifts or species of origin of the virus (Clarke & McCrae, 1983) . It was of interest therefore to determine whether a similar situation was also true for group C viruses where more than one isolate was available. Fig. 3 shows the terminal fingerprints for R N A species 1 and 2 for the two group C isolates. These data showed that the group C isolates also exhibit the R N A species-specific terminal conservations seen in typical rotaviruses. This result was further confirmed by fingerprint analysis of other isolated R N A species from these two atypical viruses (data not shown). Whether or not a similar situation is also true in group B viruses must await the availability of further isolates for analysis. Having established that group C isolates exhibit the RNA species-specific terminal fingerprint conservation, comparative fingerprint analysis was performed on isolated RNA species from A/OSU, B/NIRD-1 and C/Cowden. For this analysis all of the RNA species were individually resolved, except 2 and 3 of A/OSU and 5 and 6 of B/NIRD-1, both of which pairs migrated as unresolved doublets and consequently were fingerprinted as such. All of the RNA species from the three viruses were compared and representative results from species 3 to 6, 10 and 11 are shown (Fig. 4, 5 and 6 ). The fingerprint patterns could be divided into two distinct regions, that covering approximately the first 10 nucleotides and that covering the region 10 to 40 nucleotides ~ from the termini.
The fingerprint patterns for the terminal 10 nucleotides were different for each virus. In the case of A/OSU, all the RNA species gave an identical pattern as expected from the known absolute conservation of terminal sequence in normal rotaviruses (McCrae & McCorquodale, 1983) . Although the actual fingerprint pattern was different, a similar type of result was obtained for the C/Cowden RNA species in this region, suggesting that there is also a short region (approx. 10 bases) of absolute terminal sequence conservation in these RNAs. The situation for B/NIRD-1 was more complex: most species of RNA gave the pattern seen for RNA species 5 in Fig. 5 , except for RNA species 3 and 4 which gave a second pattern for this region. This result suggests that if group B virus RNAs are found to possess conserved terminal sequences the conservation will not be as absolute as in the case of the other two virus groups.
Detailed study of the fingerprint patterns covering the nucleotide region 10 to 40, which in group A and C isolates is diagnostically conserved for a given RNA species (Clarke & McCrae, 1983) , failed to reveal that any banding patterns were held in common between any of the RNA species from the three viruses (Fig. 4 to 6 ). These results indicate that the three virus isolates under study differ from each other not in one RNA species only, but in all of their RNAs.
DISCUSSION
The serological studies confirmed that none of the atypical isolates carried the original rotavirus group antigen and, furthermore, that group B and group C isolates were serologically unrelated, each carrying its own distinct group antigen. Therefore, using indirect immunofluorescence it is now possible to divide rotaviruses into three separate antigenic groups. Preliminary evidence suggests that a fourth rotavirus group exists, since antisera to the atypical avian rotavirus described by McNulty et al. (1981) failed to produce positive immunofluorescence when tested against gut sections infected with B/NIRD-1 or C/Cowden (J. C. Bridger, unpublished observation).
Extension of this serological study to the nucleic acid of these viruses confirmed that, despite large differences in migrational profile from that of typical rotaviruses, all the atypical isolates possessed 11 discrete segments of dsRNA, supporting the morphological evidence for their inclusion within the rotaviruses. Limited migrational variation of RNA segments, similar to the type observed extensively for group A isolates (Rodger & Holmes, 1979; Clarke & McCrae, 1981 a) , was evident between the antigenically related group C isolates. Genome profile analysis of further group B and group C isolates, as they become available, will be necessary to ascertain Fig. 4 . Comparative one-dimensional terminal fingerprints of RNA species 3 and 6 of A/OSU, B/NIRD-I and C/Cowden. Individual RNA species were isolated and partial T1 RNase digestion performed as described in Methods. Lanes M, 32 P-labelled DNA size markers generated using a Hpall digest of pBR322. Lanes L, partial alkaline hydrolysis reference 'ladder' used to denote nucleotide positions. Lanes A, terminal fingerprints of RNA species from A/OSU. Lanes B, terminal fingerprints of RNA species from B/NIRD-1. Lanes C, terminal fingerprints of RNA species from C/Cowden. For A/OSU RNA species 3 the species 2 3 doublet was used, and for B/NIRD-I species 6 the species 5-6 doublet was used. Arrows are used to denote nucleotide positions 10 and 40 from the termini. Fig. 5 . Comparative one-dimensional terminal fingerprints of RNA species 4 and 5. The method of fingerprint production and the lane designations are as for Fig. 4 . For B/NIRD-1 RNA species 5 the species 5-6 doublet was used. Fig. 6 . Comparative one-dimensional terminal fingerprint of RNA species 10 and 11. The method of fingerprint production and the lane designations are as for Fig. 4 . s. PEDLEY AND OTHERS whether these migrational variations are sufficiently small to allow the overall profile to be used as a basis for tentative assignment of an isolate to a particular group.
Previous studies we have done have shown that RNA segment migration cannot be used as the sole indicator of the degree of relationship between two rotaviruses . However, the terminal fingerprinting technique that we have developed (Clarke & McCrae, 1981 b) has shown that each individual RNA species from typical rotaviruses possesses a diagnostic terminal fingerprint covering approximately 40 nucleotides which can be used for its identification (Clarke & McCrae, 1983) . Application of this technique to the atypical isolates indicated that none of the segments present in typical rotaviruses was present in either of the groups of atypical virus. Moreover, the terminal fingerprint patterns obtained from the antigenically related viruses C/Cowden and C/S showed the same type of virus-specific and RNA species-specific conservations seen in typical rotaviruses (Clarke & McCrae, 1983) .
At present, the distribution in the field of these atypical viruses has not been rigorously assessed. The preliminary serological studies suggest that both are widespread in the United Kingdom and type C rotaviruses also seems to occur in continental Europe. However, extensive genome profile studies on diarrhoeic bovine and porcine field isolates from different locations within the United Kingdom has failed to reveal the presence of viruses with atypical profiles (I. N. Clarke & M. A. McCrae, unpublished observation) . This apparent discrepancy may be due to the majority of atypical strains being responsible for mild or sub-clinical infections in the field which therefore go unnoticed.
These results have therefore provided experimental criteria for dividing the rotaviruses into three groups, which we have termed in this report groups A, B and C in analogy with the situation in influenza virus. Clearly, further analysis, in particular studies on other atypical isolates in each group and cross-hybridization studies between the RNAs of viruses in the different groups, is required before the tentative division made here of rotaviruses into distinct groups can be fully substantiated.
